Tandemly arrayed genes (TAGs) play an important functional and physiological role in the genome. Most previous studies have focused on individual TAG families in a few species, yet a broad characterization of TAGs is not available. Here we identified all TAGs in the genomes of humans, mouse, and rat and performed a comprehensive analysis of TAG distribution, TAG sizes, TAG orientations and intergenic distances, and TAG functions. TAGs account for about 14-17% of all genes in the genome and nearly one-third of all duplicated genes, highlighting the predominant role that tandem duplication plays in gene duplication. For all species, TAG distribution is highly heterogeneous along chromosomes and some chromosomes are enriched with TAG forests, whereas others are enriched with TAG deserts. The majority of TAGs are of size 2 for all genomes, similar to the previous findings in Caenorhabditis elegans, Arabidopsis thaliana, and Oryza sativa, suggesting that it is a rather general phenomenon in eukaryotes. The comparison with the genome patterns shows that TAG members have a significantly higher proportion of parallel gene orientation in all species, corroborating Graham's claim that parallel orientation is the preferred form of orientation in TAGs. Moreover, TAG members with parallel orientation tend to be closer to each other than all neighboring genes in the genome with parallel orientation. The analyses of Gene Ontology function indicate that genes with receptor or binding activities are significantly overrepresented by TAGs. Computer simulation reveals that random gene rearrangements have little effect on the statistics of TAGs for all genomes. Finally, the average proportion of TAGs shows a trend of increase with the increase of family sizes, although the correlation between TAG proportions in individual families and family sizes is not significant.
Introduction
DNA duplication is the principle process by which the genetic raw material is provided for the origin of evolutionary novelties such as new gene function and expression patterns and is important in adaptive evolution (Wolfe and Li 2003) . Possible duplication mechanisms include unequal crossover (i.e., tandem duplication), retrotransposition, and replicative translocation (Ohno 1970; Nei 1987) . Duplication events may vary in content and frequency: whereas whole-genome duplications appear to be limited, small tandem duplications appear to be quite common. In fact, localized duplication of genomic segments and rearrangement of chromosomal segments have been proposed to be 2 major factors in eukaryotic genome evolution (Eichler and Sankoff 2003) .
The availability of complete genomic sequences makes it possible to investigate how genomes are structured by different mechanisms of gene duplication. In this paper, we focused on tandem duplication. Tandem duplication of related genes has been shown to act as the driving evolutionary force in the origin and maintenance of gene families (Reams and Neidle 2004) and has been a common mechanism of genetic adaptation to environmental challenges in organisms such as bacteria (Anderson and Roth 1977; Roth et al. 1996; Hastings et al. 2000) , yeast (Brown et al. 1998) , mosquitoes (Lenormand et al. 1998) , plants (Harms et al. 1992; Shyr et al. 1992; Leister 2004) , and humans and other mammals (Stark 1993) .
Specifically, we identified all tandemly arrayed genes (TAGs) in the genomes of humans, mouse, and rat and addressed the following issues: First, because duplicated genes can be arranged in tandem or dispersed on different chromosomes, we want to determine how many duplicated genes are in tandem arrays. This will shed light on the contribution of tandem duplication to gene duplication in the 3 mammalian genomes. Second, we are interested in examining the chromosomal distribution of TAGs to see whether there is significant clustering of TAGs on some chromosomal regions. Third, about 70% of the TAGs in the Arabidopsis thaliana genome have only 2 members in the array (Zhang and Gaut 2003) , so do the 3 mammalian genomes show a similar pattern? Fourth, is there any nonrandom association between gene function defined by Gene Ontology (GO) categories and TAGs? We expect that genes with certain functions may prefer tandem arrangement over other types of more dispersed spatial arrangements as tandem arrangement can either entail high probability of generating more duplicated copies or promote a desired degree of diversity or homogeneity via concerted evolution (Ohno 1970) . Fifth, it has been hypothesized that the preferred orientation of TAGs is parallel because locating on different strands is detrimental to the stability of the array (Graham 1995) . We thus examined the orientations of array members and compared them with the genome pattern. Finally, is tandem duplication a preferred mechanism of duplication for large gene families? In other words, do we observe more TAGs in larger families than smaller ones?
Materials and Methods
all-against-all BlastP (Altschul et al. 1997 ) search with the BLOSUM62 matrix and the SEG filter, which masks regions of low compositional complexity (Wootton and Federhen 1993) .
Next, we applied TribeMCL with the default parameters to cluster genes into putative gene families. TribeMCL uses the Markov clustering algorithm for the assignment of proteins into families based on the similarity matrix generated from the all-against-all BlastP comparison of sequences (Enright et al. 2002) . Human genes were clustered into 9,278 families, of which 6,746 are singletons (i.e., only 1 gene in the family). Mouse genes were clustered into 9,790 families, of which 7,262 are singletons. Rat genes were clustered into 8,168 families, of which 6,002 are singletons. These singleton families were removed from the dataset. For the rest of the families with more than 2 members, we examined the chromosomal locations of the family members to decide whether they are TAGs.
TAGs are usually defined as genes that are duplicated tandemly on chromosomes. During evolution, mutations such as insertion of genes that are unrelated to the TAG members (i.e., not through duplication) can disrupt the tandem spatial arrangement of the original TAGs and thus make the TAG ''imperfect.'' To be as broad as possible, we examined the effect of these ''irrelevant genes'' (defined hereafter as spacers) on the quantities of TAGs. We defined spacers as genes that have a Blast E value higher than 10 ÿ10 with the other members in the array and TAGs as duplicated genes with less than 0-10 spacers in between and calculated the numbers of TAGs that satisfy the criteria (Zhang and Gaut 2003) . Similar to the observation in A. thaliana (Zhang and Gaut 2003) , we found that for all 3 species, the counts of TAGs increase as more spacers are allowed in the array and most dramatically when only one spacer is allowed in the array ( fig. 1) . Therefore, for the remainder of the study, we focused on TAGs with at most one spacer. Note that under this criterion, we do not consider tandem duplications that contain multiple spacer genes.
It is possible that due to various genome rearrangements, some duplicated genes that were not originated by mechanism of unequal crossover appear together as TAGs. To examine whether the amount of nonreal TAGs can adversely affect the statistics of TAGs, we evaluated the likelihood of random arrangement of duplicated genes happening to be TAGs. We numbered all the genes in each genome, randomly picked the locations of all the duplicated genes, and computed the proportion of duplicated genes that appear to be TAGs. We repeated this process 10,000 times and obtained the distribution of the proportion of randomly duplicated genes that belong to TAGs (Fig. 2) .
To formally investigate the heterogeneous distribution of TAGs along the chromosomes in the 3 species, we partitioned every chromosome into 5-Mb-long blocks and calculated the proportion of genes that are TAGs in each block and identified the blocks that are TAG ''deserts'' and ''forests.'' TAG deserts are defined as regions where there are no TAGs; i.e., the proportion of genes that are TAGs in these regions is zero. TAG forests are regions with TAG proportions in the upper 10% of the distribution of TAG proportions. We asked the question: are there chromosomes that are either enriched or depleted with TAG forests/ deserts? We applied hypergeometric tests to examine the enrichment/depletion of TAG forests/deserts in each chromosome. We also checked pericentromeric and subtelomeric regions for enrichment of TAG deserts/forests, and this analysis was limited to the human genome because it is the only species with information on location of these regions. We used the same definition of pericentromeric and subtelomeric regions as initially suggested by Bailey et al. (2001) .
To examine what GO functions are most likely to be overrepresented by TAGs across the 3 species, we used Onto Express (Draghici et al. 2003) . Hypergeometric tests were performed with the Bonferroni correction for multiple testing (Sokal and Rohlf 1994) .
Results
There are 783 perfect TAG clusters (i.e., zero spacers) containing 2,150 genes in the human genome, 820 perfect TAGs with 2,832 genes in the mouse genome, and 727 perfect TAGs with 2,762 genes in the rat genome (table 1). The perfect TAGs account for up to 15% of the nonoverlapping genes in the 3 genomes. When 1 spacer is allowed in between TAGs, TAGs account for ;14%, 16%, and 17% of the total genes in humans, mouse, and rat genomes, respectively, suggesting that tandemly duplicated genes are a major feature of the mammalian genomes ( fig. 1 ).
Although tandem duplication has been known as one of the mechanisms of gene duplication for 2 decades, we still do not know quantitatively how much tandem duplication has contributed to gene duplication in the genome. Here we calculated the proportions of TAGs after removing single-member clusters from the nonoverlapping gene data set for all 3 genomes (table 2) . Approximately, 13,000 human genes, 14,043 mouse genes, and 12,466 rat genes are likely product of gene duplication. Of these duplicated genes, more than 21%, 25%, and 25% in humans, mouse, and rat genomes are TAGs (table 2), respectively, suggesting that tandem duplication is a predominant mechanism of gene duplication in these mammalian genomes.
Various genome rearrangements can create fortuitous TAGs from the existing dispersed members of duplicated genes. However, our computer simulation shows that the effect of nonreal TAGs on real TAG statistics is negligible ( fig. 2 and Supplementary Material online): the maximum proportion of nonreal TAGs among the 10,000 simulated samples is only 1.3% in humans, 1.4% in mouse, and 2.1% in rat. The observed proportions of TAGs in the genomes are much higher than the values in the simulated samples (P value 5 0), suggesting that the occurrence of TAGs is unlikely due to genome rearrangement and random distributions.
TAG size refers to the number of genes in an array. For all species, most of the TAGs are of size 2. There are altogether 902 TAG clusters in the human genome, and TAGs of size 2 (616) account for more than 68% of the TAGs. The mouse and rat genomes have 939 and 778 TAG clusters, respectively, of which ;60% belong to TAGs of size 2. The distribution of TAG sizes shows similar patterns across the 3 genomes with the majority of TAGs having only 2 members and far fewer larger TAGs ( fig. 3 ). The mouse and rat genomes appear to have more larger TAGs than the human genome. The average numbers of genes in TAGs are about 3.7 and 4.2 in mouse and rat, respectively, versus 3.1 in human.
The physical locations of all TAGs in the human genome are shown in fig. 4 (see supplementary figures for mouse and rat genomes, Supplementary Material online). In all the genomes, there is a great heterogeneity in the TAG distribution along the chromosomes. Hypergeometric tests show that in the human genome, there is significant depletion of TAG deserts in chromosomes 17 and 22, enrichment of TAG deserts in chromosomes 8 and 13, depletion of TAG forests in chromosome 10, and enrichment of TAG forests in chromosomes 9 and 19 (see supplementary tables, Supplementary Material online). Furthermore, we observed that at least one subtelomeric region in 12 chromosomes are TAG deserts. The remaining subtelomeric regions have either no genes or low TAG densities, suggesting that subtelomeric regions are not the preferred locations for TAGs. In contrast, pericentromeric regions appear to be concentrated with TAGs. The proportions of genes that are TAGs in these regions are high, and in fact, 13 chromosomes have at least one pericentromeric region that is a TAG forest.
In the mouse genome, there is significant depletion of TAG deserts in chromosomes 6 and 11 and enrichment of TAG deserts in chromosome 15. In the rat genome, there is significant depletion of TAG deserts in chromosomes 1, 4, and 10, enrichment of TAG deserts in chromosomes 2 and 5, depletion of TAG forests in chromosome 9, and enrichment of TAG forests in chromosomes 1 and 4 (see supplementary tables, Supplementary Material online). We note that first, no tests remain significant after the Bonferroni correction for multiple testing (Sokal and Rohlf 1994) ; second, excluding chromosome Y from the dataset produced similar results for all species (results not shown). Table 3 shows the chromosome orientation of TAG members in the 3 genomes. The proportions of TAG pairs with parallel orientation (// or ))) in humans, mouse, and rat are 68%, 76%, and 72%, respectively. Therefore, majority of neighboring members in the TAGs are on the same strand. Interestingly, the proportion of gene pairs of convergent orientation (/)) is roughly the same as that of divergent orientation ()/) in all species. We also calculated the genome proportions of gene pairs for the 3 types of orientations and compared them with the observed orientation in TAGs. For all species, the proportion of gene pairs with parallel orientation is much higher in TAGs than in the genome and the percentages of gene pairs with convergent or divergent orientations in TAGs are only about half of that in the genome. The chi-square ''goodness of fit'' test (Snedecor and Cochran 1989) shows that the distribution of different types of orientations in TAGs is significantly different from that of all genes in the genome for all species (df 5 2, P value 5 2.2 3 10 ÿ16 ). The pattern of the distribution of the TAG orientations is distinctly different from that of all genes in the genome, so do the physical distances between TAGs also show a different pattern from that of all genes in the genome? The cumulative distributions of the intergenic distances for both TAGs and all genes in the genome are shown in figures 6 (also supplementary figures, Supplementary Material online). In humans, mouse, and rat genomes, the gene pairs with convergent orientation tend to have shorter intergenic distances than those with parallel orientation, which in turn tend to have shorter distances than those with divergent orientation.
We compared GO categories for molecular function, biological process, and cellular components for TAGs. Since GO terms are hierarchical and there are many possible levels one can use to test for functional enrichment, we chose for simplicity only the top 10 most represented GO categories with known molecular function to examine functional associations in TAGs (table 4). The top 10 GO categories are similar among humans, mouse, and rat, except that the ranking of each category differs. For example, ''olfactory receptor activity'' is the most represented molecular function in rat, and it ranks fourth in humans and fifth in mouse. The results demonstrate that genes with the molecular function of either binding or receptor activity tend to be TAGs in these mammalian genomes. The analyses of biological process and cellular component also show a similar pattern (see supplementary tables, Supplementary Material online). Interestingly, for all 3 species, duplicated genes that are not TAGs show a ranking of GO categories very similar to TAGs (results not shown).
Discussion

Significance of Tandem Duplication
Previous and current studies all suggest that TAGs are a major component of the genome. The percentages of TAGs in different genomes of plants and animals span a Studies on recent duplication in several mammalian genomes show that intrachromosomal duplications are more common than interchromosomal duplications (Cheung et al. 2003; Eichler and Sankoff 2003; Friedman and Hughes 2004; Zhang et al. 2005) . Intrachromosomal duplication may include one or more genes and depending on the locations and the mechanisms of duplication, it can be tandem duplication. In fact, the number of intrachromosomal duplicated genes is significantly correlated with the number of TAGs for the 3 species (P value 5 1 3 10 ÿ5 , see Supplementary Material online).
Contribution of Tandem Duplication to Different Sized Gene Families
The research on TAGs has been largely confined to individual families of TAGs that serve important physiological functions, such as ribosomal RNA genes, histone genes, immunoglobulin genes, and MHC genes. In these large gene families, most of the members arose through tandem duplication. The unanswered question remains as to whether tandem duplication is a more favored duplication mechanism in large gene families than small ones. It is expected that the larger the family is, the more likely the family resorts to tandem duplication as an efficient way of creating more duplicated genes (Ohno 1970) . To examine this issue, we calculated the average proportion of TAGs in gene families of different sizes for all 3 genomes. The average proportion of TAGs in gene families of different sizes ranges from 15% to 33% in 3 genomes and appears to be higher in large families than small families (table 5) . However, although the average proportions of TAGs and family sizes are positively correlated (i.e., large families tend to have on average more TAGs than smaller ones) in humans (Spearman's rank correlation coefficient q 5 0.91, P value 5 0.00047) and mouse (q 5 0.71, P value 5 0.0275), but not in rat (q 5 0.53, P value 5 0.1133), the proportion of TAGs in all individual families and family sizes do not show significant correlation (P value . 0.05). The observation that large families tend to have on average higher percentages of TAGs than small ones could be due to the possibility that large families have a high likelihood of being tandem through random arrangement. However, our simulation (figure 2 and Supplementary Material online) shows that this is unlikely because random permutations of all the duplicated genes yield a tiny amount of nonreal TAGs, and for large gene families, which is a much smaller subset of all duplicated genes, the proportions of nonreal TAGs should be even smaller.
Distribution of TAGs on the Chromosomes
In all species, TAG distribution shows great heterogeneity along the chromosomes with some chromosomes enriched with TAGs and some depleted of TAGs (fig.  4) . Using the definitions of TAG deserts and forests, we studied TAG enrichment and depletion with respect to individual chromosomes. Interestingly, the chromosomes that have greater than expected numbers of TAG forests tend to have less than expected numbers of TAG deserts ( fig. 5 and Supplementary Material online), suggesting that TAGs have preferences for chromosomes. Furthermore, using the information on subtelomeric and pericentromeric regions in humans, we found that TAGs tend to be enriched in pericentromeric regions and thus have preference for specific locations as well. In this regard, it is worth noting that it has been shown that pericentromeric regions are enriched with recent segmental duplications in humans (Bailey et al. 2001; Zhang et al. 2005) . As mentioned before, some of the recent segmental duplications in humans might be in fact tandem duplication. Therefore, the common preference for pericentromeric regions by tandem duplication and recent segmental duplication might not be a coincidence.
An interesting question relevant to the TAG distribution is whether the regions that are enriched with TAGs are also rich in other non-TAG duplicates. Our analysis shows that in humans, the 2 regions that are statistically enriched in TAGs also show enrichment of other non-TAG duplicates, whereas in rat, the regions that are rich in TAGs show depletion of non-TAG duplicates (results not shown).
Distribution of TAG Sizes
It has been observed that the majority of TAGs have only 2 members in the array in many genomes such as A. thaliana (Zhang and Gaut 2003) , C. elegans (Semple and Wolfe 1999) , and rice (Yu et al. 2005) , suggesting that it might be a rather general phenomenon in eukaryotes ( fig. 3 ). The distribution of TAG sizes can be described by a power law distribution, a common type of distribution that appears in various biological quantities such as the distribution of gene family sizes in different eukaryotes (Enright et al. 2002) and prokaryotes (Huynen and van Nimwegen 1998) .
Because most TAGs have only 2 members in the array, we expect that large families contain many small TAGs in order to achieve the large requirement of gene copies. Consistent with the expectation, we observed that large gene families tend to have many small TAGs located on different chromosomes instead of a handful of large tandem arrays. For example, the largest gene family in humans is a class that contains zinc finger-containing transcription factors. More than 300 genes of this family are members of 90 TAGs (with 2-18 genes in the arrays) located on 18 chromosomes. Of the 90 TAGs, 45 arrays are of size 2, 16 of size 3, 12 of size 4, and 17 of size 5. Similarly, the largest gene family in mouse is a class that contains olfactory receptor genes. Almost 800 genes in this family are products of tandem duplication and are located on 17 chromosomes. The largest TAG in this family has 55 members and is located on chromosome 10. Of the 68 TAGs in this family, 12 arrays are of size 2, 8 of size 3, 1 of size 4, and 47 of size 5.
This observation makes us postulate that a large tandemly arrayed cluster is evolutionarily unstable. It is easy to imagine that once the array becomes large, various genome rearrangements such as insertions of transposable elements, inversions, and translocations can interrupt the array and reduce its size. Moreover, as the array size increases, the rate of unequal crossover might increase as well. Consequently, the rate of fluctuation in copy number will increase and so will the instability of the array. The instability of the large array may become deleterious at certain threshold and be acted against by natural selection. Ohno (1970) discussed the possible deleterious effect that TAGs could generate due to the fluctuations in array size by unequal crossover and pointed out that genes in tandem array are not stable and have to be able to cope with the fluctuation in gene dosage. Unfortunately, this scenario is speculative because there have been no empirical studies on how or whether the rate of unequal crossover is affected by array size. Another possible explanation is that large arrays are not the preferred form of arrangement that can satisfy the requirement of highly differentiated functions among array members. For example, a few gene families such as histone genes and ribosomal RNA genes in humans are in large TAGs due to high gene dosage requirements. However, for the majority of genes, diversity in function might be more preferred than quantity, as clearly demonstrated by genes with binding and receptor activities and disease resistance functions (table 4) .
TAG Orientations and Intergenic Distances
Graham defined ''tandem arrays'' as arrays in which a DNA segment is repeated head to tail, with all copies in the same orientation, and suggested that unequal recombination homogenizes head-to-tail tandem arrays but would cause arrays with oppositely oriented repeats to undergo disastrous duplication-deletion events, which results in these arrays being rare (Graham 1995) . The definition of TAGs in the current study is somewhat different from that of Graham's. Nevertheless, the results show that compared with the genome, parallel orientation in TAGs appears to be more favored than divergent or convergent orientations (table 3) , corroborating Graham's conjecture, at least in the 3 genomes. Furthermore, consistent with the great disparity between the proportion of parallel orientations in TAGs and that in the genomes, the intergenic distances of genes in parallel orientations also show the greatest disparity between TAGs and the genomes compared with the distances among genes in convergent and divergent orientations (see Supplementary Material online). This raises the question of the evolutionary significance of parallel orientations in TAGs: why TAGs with parallel orientation show distinct patterns from that in the genome. Is there any adaptive significance with parallel orientation or does the observed pattern simply reflect the pattern of unequal crossover? To our knowledge, there have been no previous studies examining the effect of parallel versus other types of orientations in TAGs other than Graham's hypothesis. More studies are needed to investigate the underlying mechanism and the nature of this phenomenon.
Supplementary Material
Supplementary tables and figure are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
